Cervical spinal cord injury (SCI) profoundly disrupts the cardiovascular and autonomic systems, severely diminishing overall health and quality of life.
cluded 4 individuals with SCI, presenting with orthostatic hypotension, persistent low resting blood pressure, and symptoms of autonomic dysreflexia. Participants with a spinal cord epidural stimulator (RestoreAdvanced, 16 electrodearray; Medtronic) implanted over segments L1 to S1 were given stimulation parameters that increased systolic blood pressure within 105 to 120 mm Hg.
3 Participants completed a mean (SD) of 89 (13) two-hour sessions of daily CV-scES training (Table) . Continuous blood pressure was measured using plethysmography (Finometer Pro; FMS) to assess hemodynamic response to orthostatic stress throughout training, with and without stimulation. The study was approved by the University of Louisville institutional review board (ClinicalTrials .gov identifier NCT02037620), and participants provided written informed consent. We used a linear mixed model on logged values of systolic blood pressure, diastolic blood pressure, and heart rate during orthostatic stress and during daily CV-scES training. Fixed effects included position, intervention, and their interaction. Random intercept and slopes were included as well as 104 (4) 112 (7) 108 (8) 62 (3) 68 (7) 65 (7) 70 (8) 68 (8) 68 (8 86 (10) 106 (9) 89 (11) 53 (7) 66 (8) 52 (7) 72 (7) 74 (9) 68 ( (9) 89 (10) 55 (11) 68 (8) 55 (7) 75 (10) 80 (11) 68 ( random effects of repetition and serial correlation. All P values were from 2-sided tests and results were deemed statistically significant at P < .05.
Results | Orthostatic hypotension resolved with CV-scES and after daily CV-scES training ( Figure) . Before daily CV-scES training, participant A41 experienced a significant decrease in mean systolic and diastolic blood pressure and heart rate increase without stimulation (Figure, A) , but with stimulation blood pressure while sitting did not significantly change from values measured while the participant was supine (Figure, B) , although heart rate measured while sitting increased significantly, but to lower values. A similar response was observed after daily CV-scES training when presented with orthostatic stress even without stimulation (Figure, C) . These results were consistent in all 4 individuals (Figure, D) .
Discussion | Orthostatic hypotension was alleviated in 4 individuals with chronic cervical motor-complete SCI when lumbosacral CV-scES was used during orthostatic stress. The improved cardiovascular response was observed after daily CV-scES training without stimulation. These results suggest that there is immediate cardiovascular responsiveness with stimulation that persists after training, indicating long-term adaptation. A potential mechanism consistent with these results is activation of sympathetic vasomotor efferents, caus- A, Exemplary data from participant A41 before the intervention without stimulation demonstrates a significant decrease (P < .001) in mean systolic blood pressure (SBP) and diastolic blood pressure (DBP) and increase (P < .001) in heart rate (HR) during a sit-up test. B, Before the intervention with stimulation, there was no significant decrease (P = .72) in mean SBP and DBP, while HR increased significantly (P < .001) during a sit-up test. Amplitude of stimulation is represented in volts; configuration of the numbered electrode array is illustrated at right: black is anode, gray is cathode, and white is inactive. C, After the intervention without stimulation, there was no significant decrease (P = .42) in SBP and DBP, while HR increased significantly (P = .002) during the sit-up test. D, Data from all 4 participants are averaged for these conditions; stimulation is depicted by diagonal bars. In all participants, before intervention without stimulation, mean SBP decreased significantly from supine to a sitting position (P = .001). The decrease in mean DBP from supine to a sitting position was not significant (P = .64). Mean HR increased significantly (P < .001) from supine to a sitting position. Before intervention with stimulation, there was no significant difference in SBP and DBP from supine to a sitting position (SBP, P = .15; DBP, P = .16); HR increased significantly (P < .001). After intervention without stimulation, SBP and DBP was not significantly different from supine to a sitting position (SBP, P = .36; DBP, P = .87); HR while sitting increased significantly from supine to a sitting position (P < .001). Error bars indicate SD.
Letters ing vasoconstriction and an increase in both blood pressure and venous return. 4 Decreased heart rate during orthostatic stress would be consistent with increased parasympathetic tone and attenuation of vagal withdrawal 1 subsequent to baroreceptor stimulation. 2 These mechanisms have been shown in a preliminary proof-of-principal, non-SCI human study of epidural stimulation.
4
Improved orthostatic tolerance indicates that CV-scES had outcomes associated with adaptive plasticity that stabilized cardiovascular and autonomic regulatory systems. Chronic SCI leads to deconditioning of the baroreflex and vagal control mechanisms despite intact neural circuitry 1, 2 and daily CV-scES training can have a positive outcome. Epidural stimulation applied to individuals with motorcomplete SCI demonstrates significant potential for not only motor recovery, 5, 6 but autonomic recovery as well 3 : physiological and motor behavior can respond to stimulation of the lumbosacral cord when targeted to a physiological response or motor task. Long-term CV-scES could be a viable therapeutic approach for paralysis and secondary consequences that cause hospitalizations, accrual of costs, and diminished quality of life in individuals with chronic motorcomplete SCI. Additional long-term investigation of heart rate and blood pressure variability, cardiac and vessel function and structure, and poststimulation effects are needed to understand the long-term safety and feasibility of epidural stimulation as a viable therapy.
